Introduction
This chapter covers a few highlights from the past twenty years of research demonstrating that there is "motion from form" processing. It has long been known that the visual system can construct "form from motion." For example, appropriate dot motions on a two-dimensional computer screen can lead to a percept of, say, a rotating three-dimensional cylinder or sphere. Less appreciated has been the degree to which perceived motion follows from processes that rely upon rapid analyses of form cues. Percepts that depend on such form-motion interactions reveal that form information can be processed and integrated with motion information to determine both the perceived velocity and shape of a moving object. These integration processes must be rapid enough to occur in the brief period, probably less than a quarter of a second, between retinal activation and visual experience.
Data suggest that global form analyses subserve motion processing in at least five ways (Porter et al., 2011) . Here we describe three examples in which the analysis of form significantly influences our experience of moving objects. These examples have been chosen not only for their distinctiveness but also to compliment other examples described in detail within other chapters of this book (most notably: chapters 32, 33, 34 & 36) . First, we describe Transformational Apparent Motion, a phenomenon that reveals how form analyses permit the figural segmentation dedicated to solving the problem of figure-to-figure matching over time (Hsieh, Caplovitz, & Tse, 2006; Tse, 2006; Tse & Logothetis, 2002) . Second, we describe how the size and shape of an object can influence how fast it is perceived to rotate. These interactions reveal the way in which form analyses permit the definition of trackable features whose unambiguous motion signals can be generalized to ambiguously moving portions of an object to solve the aperture problem (Caplovitz, Hsieh, & Tse, 2006; Caplovitz & Tse, 2007a , 2007b . Lastly, we describe a number of peculiar ways in which the motions of individual elements can interact with the perceived shape and motion of a global object constructed by the grouping of these elements. These phenomena reveal that the form analyses that underlie various types of perceptual grouping can lead to the generation of emergent motion signals belonging to the perceptually grouped object that appear to underlie the conscious experience of motion , 2007b Hsieh & Tse, 2007; Kohler et al., 2010; Kohler, Caplovitz, & Tse, 2009 ).
Transformational apparent motion

Background
A phenomenon known as Transformational Apparent Motion (TAM) has received much attention over the past twenty years and sparked a renewed examination of the role of form analyses in high-level motion processing. TAM occurs when two shapes, overlapping in space, are presented at different points in time, giving the illusion that one shape smoothly transforms into the other (Tse et al., 1998) . Precursors to TAM included "polarized gamma motion" and "illusory line motion," with the latter being a rediscovery and reexamination of the first (Kanizsa, 1951 (Kanizsa, , 1979 Hikosaka et al., 1991 Hikosaka et al., , 1993a . A classical demonstration of polarized gamma motion and illusory line motion is illustrated in Figure 1A . Illusory line motion arises when a horizontal bar is presented shortly after a transient cue located at one end of the bar. When this occurs, the bar appears to extend out from the cue, rather than appearing all at once. Thus, rather than the sudden appearance of a stationary object, a motion percept is observed in which an object appears to morph from one shape to another.
An initial hypothesis for why these phenomena occur posited a primary role for attention. Specifically, the sudden onset of the cue stimulus possibly draws attention and establishes an attentional gradient that extends outward from the cue location. Because information at attended locations was presumed to be processed faster than at unattended locations, the target stimulus would be processed asynchronously, leading locations closer to the center of the attentional gradient to reach conscious awareness prior to those located more distally. This would thereby lead to the illusory percept that the horizontal bar successively extends out from the point of attention (Titchener, 1908; Sternberg and Knoll, 1973; Stelmach and Herdman, 1991, 1994; von Grünau and Faubert, 1994; Faubert and von Grünau, 1995) . While attentional gradients may indeed play some role in the illusory percept, subsequent experimentation suggested a dominant contribution of other factors. For example, TAM can be observed even when attention is allocated away from the cue. Also, if two cues, a red and a green dot, are presented simultaneously, some distance apart, when a red line appears abutting each cue and between them, the line always appears to extend from the red dot, regardless of which cue is originally attended Treisman, 1995, 1997; Tse and Cavanagh, 1995; Tse et al., 1996 Tse et al., , 1998 Hsieh et al., 2005) .
To account for these non-attentional effects, it has been argued that the illusory motion observed in these stimuli arises from figural parsing (Tse et al., 1998; Tse and Logothetis, 2002) . Figural parsing occurs when contour and surface relationships are compared across successive scenes. Thus, based on their relative surface and contour relationships, the visual system determines which shapes viewed at one timepoint correspond to which shapes viewed at a subsequent timepoint. In the case of TAM, the visual system infers that an existing figure has changed its shape into that of the new figure, leading to the perception of continuous deformation. Implicit in this hypothesis is a fundamental role for form processes that extract information about the shape and surface characteristics of objects. Moreover, as the motion percept in TAM displays depends upon the output of these processes, this processing must occur either prior to, or coincident with motion processing. In this view, processes that represent form information help solve the "what went where?" question of object movement. This occurs in two steps. First, individual objects are identified or "parsed" in a scene. The second step involves matching these parsed objects to the objects present in the preceding scene.
The processes underlying TAM can be contrasted to those underlying classical translational apparent motion. In classical translational apparent motion, when there are multiple objects in both the first and second scene, motion correspondences tend to be formed between spatiallyproximal objects. This is true even if the proximal objects have dramatically dissimilar shape and surface characteristics. As with TAM, this would imply that the object had grossly deformed from one scene to the next. However, this deformation is determined not on the basis of object parsing and figural matching, but rather on the basis of spatiotemporal proximity (Ullman, 1979) . As such, observations such as these led to the discounting of the importance of form features in determining object motion in the past (Kolers and Pomerantz, 1971; Kolers and von Grünau, 1976; Navon, 1976; Burt and Sperling, 1981; Baro and Levinson, 1988; Victor and Conte, 1990; Dawson, 1991; Ramachandran et al., 1983) . However, as illustrated in Figure 1B , TAM can still be observed in cases where the nearest neighbor principle may be violated in favor of matching shapes across scenes that actually comprise more distant figures. This has been demonstrated to result from a set of parsing and matching principles involving the analysis of contour relationships among successive and abutting figures (Tse et al., 1998; Tse and Logothetis, 2002) . This appears to result largely from an analysis of good contour continuity, which indicates maintained figural identity, and contour discontinuity, which implies figural differences. Given the lack of figural overlap in most translational apparent motion displays, this parsing is generally unnecessary in determining "what went where?" Figure 1 . A) Transformational Apparent Motion (TAM). Two abutting shapes are flashed in sequence, as shown on the left. The resulting percept is of one shape smoothly extending from, and retracting back into the other, as depicted on the right. B) TAM v. Translational Apparent Motion. In TAM displays (top), when two frames are flashed in sequence, if the shapes in the second frame abut those in the first frame the percept is of smooth deformation that is based on the figural parsing of the objects in both frames. However, in translational apparent motion displays (bottom), when the shapes in the second frame do not abut those in the first frame, rigid motion to the nearest neighbor is perceived independent of any figural parsing.
Neural Correlates
Functional magnetic resonance imaging has determined which areas of the brain show the greatest blood oxygen level dependent (BOLD) activity in response to TAM displays, as compared to control stimuli (Tse, 2006) . Using a region of interest analysis, this study found greater activity in response to TAM than control displays in V1, V2, V3, V4, V3A/B, hMT+, and the Lateral Occipital Complex (LOC). An additional whole-brain analysis identified an area in the posterior fusiform gyrus that was also found to be more active during the perception of TAM than control stimuli. The recruitment of early retinotopically organized areas highlights the importance of the basic visual processes (i.e. spatially specific detection of edges and contour features) that underlie the perception of TAM. The recruitment of higher-level areas likely reflects the more global processing that must underlie figural parsing and subsequent figural matching.
Of particular interest is the recruitment of the LOC. The LOC is now fully established as playing a fundamental role in form processing and object recognition (Malach et al., 1995; Kanwisher et al., 1996; Grill-Spector et al., 2001; Haxby et al., 2001) and, like TAM, has been shown to process global 3D object shape, as opposed to just local 2D shape features (Tse and Logothetis, 2002; Grill-Spector et al., 1998 Malach et al., 1998; Mendola et al., 1999; Gilaie-Dotan et al., 2001; Moore and Engel, 2001; Avidan et al., 2002; Kanwisher, 2000b, 2001; . A reasonable interpretation of the increased activity in LOC during the viewing of TAM displays relative to control stimuli is that in addition to processing global form and figural relationships, this information is also output to motion-processing areas of the brain, such as hMT+.
Given this interpretation, and the increased activity demonstrated in both LOC and hMT+ during TAM displays, it seems that hMT+ and LOC, rather than being motion processing and form processing areas respectively, may both serve as part of a form/motion processing circuit. In fact, multiple studies have shown functional and anatomical overlap between LOC and hMT+ (Ferber et al., 2003; Murray et al., 2003; Zhuo et al., 2003; Liu et al., 2004; Stone, 1999; Liu and Cooper, 2003) . As noted later in this chapter, it is likely that V3A/B, an area that also shows increased activity in response to TAM displays, plays a key role in this form/motion processing circuit. These findings call into question the traditional view of separate motion and form processing streams contained in the dorsal "where" and ventral "what" pathways (Ungerleider and Mishkin, 1982; Goodale and Milner, 1992) . Although at the very highest representational levels "what" and "where" may be largely independent (Ungerleider and Mishkin, 1982; Goodale and Milner, 1992) , form and motion processes are likely to be nonindependent within the processing stages that serve as inputs to these later representations.
Additional work has been done using electroencephalography (EEG) to study visually evoked potentials (VEP) in response to TAM displays as compared to displays that only flashed, but lacked the TAM percept (Mirabella & Norcia, 2008) . This study found that the VEP waveform evoked by pattern onset and offset was significantly more symmetrical for TAM displays than for flashing displays. The timing of such TAM-related processing appears within the first 150 ms of object appearance and disappearance, once again implicating the involvement of early visual areas in processing TAM. Further, it was shown in the frequency domain that there was a noticeable reduction in the odd-harmonic components in the frequency spectra for the TAM display, as compared to that for a flashing patch alone. This further reflects the increased symmetry in the TAM VEP waveform. Interestingly, as the contrast between the cue and flashing patch in the TAM display was increased, the symmetry in the resulting VEP waveform decreased. Behavioral data matched this observation, as the likelihood of participants perceiving TAM in the display was strongly correlated with the symmetry of the VEP waveform. Thus, both behavioral and EEG data further demonstrate the influence of object surface features on perceived movement.
Implications for Models of TAM
The only formal model that we are aware of that attempts to account for TAM involves three interacting subprocesses (Baloch and Grossberg, 1997) . The first is a boundary completion process where activity flows from V1 to interstripe V2 to V4. The second is a surface filling process where activity flows from blob V1 to thin stripe V2 to V4. The third is a long-range apparent motion process where activity flows from V1 to MT to MST. The model includes an additional link between V2 and MT that allows the motion-processing stream to track emerging contours and filled-in color surfaces (Baloch and Grossberg, 1997) . The model represents a locally based bottom up explanation of TAM. In the fMRI experiment described above, each of the areas referenced in the model has shown higher relative activity during the viewing of TAM displays. However, the model fails to account for increased activity shown in V3v, V3A/B, and LOC. Furthermore, TAM has been shown to be influenced by global configural relationships among stimuli, which this locally based model cannot explain (Tse and Logothetis, 2002) . TAM demonstrates many of the central problems that the visual system must solve, which have been the subject of much study in the field of visual neuroscience: How is local form information integrated into a global representation of spatiotemporal figural relationships, and how does this, in turn, influence the interpretation of local features (Wertheimer, 1912; Kenkel, 1913) ? During the perception of TAM, figural contours must be analyzed and integrated globally over both space and time within and between scenes.
For both contour integration in general and TAM, fMRI studies have demonstrated the strongest activity in lateral occipital areas of both the human and monkey brain Tse 2006) . However, both V1 and V2 also show increased activity during such processes Tse 2006 , Caplovitz et al. 2008 . While increased activity in V2 may be unsurprising, given that single unit recordings have shown its involvement in the perception of illusory contours (von der Heydt et al., 1984) , no such involvement as early as V1 had previously been demonstrated. In more recent years, visual areas V1 and V2 have been implicated in the processing of global shape (Allman et al., 1985; Gilbert, 1992 Gilbert, , 1998 Fitzpatrick, 2000; Lamme et al., 1998) despite the traditional view that V1 is only involved in the processing of local features (Hubel and Wiesel, 1968) . However, it is still unclear whether such activity in V1 results from bottom-up or top-down activation. A recent fMRI study found increased activity in response to the spatial integration of individual elements into perceptually grouped wholes in early visual cortex, possibly as early as V1 (Caplovitz et al, 2008) . This was true despite each individual element being located in the periphery of a different visual quadrant, suggesting such increases in activity are likely due to top-down feedback.
Separate from TAM, parsing can be important in other standard and apparent motion displays, as pooling the motion energy of multiple objects moving through the same point in space would lead to inaccurate motion signals (Born and Bradley, 2005) . Motion signals arising at occlusion boundaries may also be spurious (Nakayama and Silverman, 1988b) , and parsing can facilitate the segmentation of spurious from real motion signals. It would appear that the visual system possesses such parsing mechanisms and they help us to accurately perceive the motion of multiple overlapping objects (Hildreth et al., 1995; Nowlan and Sejnowski, 1995) . While there is evidence that hMT+ plays some role in such motion parsing processes (Bradley et al., 1995; Albright, 1992, 1996) , other evidence suggests that aspects of this process, such as figure segmentation, do not take place in hMT+. Rather, it is more likely that specialized areas such as LOC handle global figural segmentation and similar processes, and that the resulting neural activity is then output to hMT+. Given such an interaction, the analyses of form and motion, and thus shape over time and space, can be seen as interacting inseparable processes. That form and motion should be analyzed in an integrated spatiotemporal fashion was suggested as early as 1979 (Gibson) , and has been reemphasized in more recent years (Gepshtein and Kubovy, 2000; Wallis and Bülthoff, 2001) .
Size, shape and the perceived speed of rotating objects: Trackable features
Recent research has demonstrated that the shape of an object directly affects the speed with which it appears to rotate (Caplovitz, Hsieh, and Tse, 2006; Caplovitz and Tse, 2007a; Porter et al., 2011; Blair, Goold, Killebrew & Caplovitz, submitted) . Specifically, objects with distinctive contour features such as corners or regions of high or discontinuous contour curvature are perceived to rotate faster than those without such contour features. For example, when ellipses of various aspect ratios are rotated with the same angular velocity, the "skinnier" an ellipse is the faster it appears to rotate .
There are various explanations for why this may be the case, and experiments have been conducted to dissociate between them. For example, skinnier objects in general may appear to rotate faster than fatter ones. Such an explanation is rooted in the temporal frequency with which contrast changes at any particular location in the visual field, highlighting the intrinsic ambiguity that arises between spatial frequency, speed, and temporal frequency (Brown, 1931) . Simply put: the surface of a rotating skinny object will sweep across a neuron's receptive field in less time than that of a fatter object. This hypothesis can be ruled out by the fact that no differences in perceived speed were observed between the perceived speed of skinny and fat rectangles .
A second hypothesis is that distinctive contour features serve as trackable features that provide an unambiguous source of information about the speed and direction of motion of a given object. This hypothesis is rooted in the works of Wallach (1935; Wallach & O'Connell, 1953; Wallach, Weisz, & Adams, 1956) and Ullman (1979) , which highlight the importance of such form features in extracting 3D structure from motion (i.e. the Kinetic Depth Effect). In the case of a skinny ellipse, the regions of high curvature located at the ends of the major axis may serve as an additional source of motion information that is unavailable in the case of a fat ellipse. Moreover, this hypothesis is consistent with the lack of effect observed with rotating rectangles whose corners may act as trackable features regardless of whether they belong to a skinny or fat rectangle. To directly test this hypothesis, an experiment was conducted in which the corners of a rectangle were 'rounded off' to a lesser or greater degree . The more the corners were rounded, the slower the rounded-rectangle appeared to rotate, thereby providing strong support in favor of the form-defined trackable features hypothesis (see Figure  2A) .
A third hypothesis, and one consistent with the data derived from the experiments described above, is that the perceived speed of a rotating object is determined by the magnitudes of locally detected 1D motion signals (Weiss and Adelson, 2000) . Changes to an object's shape will change the distribution of component motion signals detected along its contour. When the magnitudes of component motion signals derived from a skinny ellipse were compared with those derived from a fat ellipse (see Figure 2B ) it was found that they scaled in a manner wholly consistent with the changes in perceived speed. Moreover, because the magnitudes of component motion signals scale as a function of their distance from the center of rotation, there are no differences in distribution of such signals between skinny and fat rectangles. Although the relationship between component motion magnitude and perceived speed is not as precise for the case of the rounded rectangles, there is indeed a parametric decrease in the local distribution of component motions signals in the corner regions as the corners become more and more rounded .
As such, these initial sets of experiments were unable to conclusively determine whether shaperelated changes in perceived rotational speed arise due to trackable features or the integration of local component motion signals. It was not until very recently that experiments were conducted to explicitly dissociate between these two hypotheses (Blair et al., submitted) . This study specifically examined the case of angular velocity. A hallmark of angular velocity is that it is size invariant. Making a rotating object smaller will not change its angular velocity. However, doing so will systematically decrease the magnitudes of the component motion signals derived along its contour (see Figure 2C ). The study compared the perceived rotational speeds of small and large objects. There were two primary findings of the study: firstly, across a range of object categories: ellipses, rectangles, stars, and rounded rectangles, smaller objects appear to rotate more slowly than larger objects. This finding is what would be predicted by the local-motion integration hypothesis. However, the second main finding of the study is that the degree to which smaller objects appear to rotate slower is dependent upon the shape of the object. Specifically, while the relative change in perceived speed of rectangles with very rounded corners is nearly perfectly predicted by the relative magnitudes of the component motion signals, very little change in perceived speed is observed for regular rectangles, skinny ellipse and star-shapes. Indeed, simply reducing the degree to which the corners of the roundedrectangles were rounded off reduced the effect size of perceived rotational speed. These two findings suggest that both hypotheses are likely to be true: the perceived speed of a rotating object is determined by a combination of locally detected motion signals, which comprise a scale-variant source of information, and the motion of form-defined trackable features, which comprise a scale-invariant source of information. What is important to note is that both sources of information are shape-dependent. However, only the trackable feature motion requires an analysis of form, because in order to provide a useful source of information, the trackable feature must first be classified as belonging to the object that is rotating (see figure parsing above). Moreover, the motion of the trackable feature must be attributed to other locations along the object's contour. Lastly, in order to produce a size-invariant representation (i.e. angular velocity), the motion of a trackable feature must be integrated with information about its distance from the center of rotation, a necessarily nonlocal computation. In the case of objects that simultaneously translate as they rotate, it appears to be the case that the rotational motion around the object's center is segmented from the overall translational motion of the object (Porter et al., 2011) . This suggests that the size invariant signal derived from the motion of a trackable feature involves the computation of the object's center.
The effects of object shape on the perceived speed of rotational motion have also been observed and examined in the context of motion fading. Motion fading occurs when a slowly drifting or rotating pattern appears to slow down and then momentarily stop, while the form of the pattern is still visible (Lichtenstein, 1963; Maffei, 1979, 1981; Spillman and De Weerd, 2003) . Experiments have shown that the presence of trackable features extends the time which it takes motion fading to occur for rotating objects, as compared to those rotating objects which do not possess distinct trackable features (Hsieh and Tse, 2007) . Furthermore, if the trackable features of objects such as ellipses are made even more distinct by increasing a rotating ellipse's aspect ratio, it takes even longer for motion fading to occur (Kohler et al, 2010) . It was further shown that the effect of shape on the time for motion fading to occur is mediated by the perceived speed of the rotating object. For example, a fatter ellipse will appear slower than a skinny ellipse and will therefore take less time for motion fading to occur. Thus, by influencing the perceived speed of rotation, an object's contour features dictate how long it takes for a slowly rotating object to appear to cease moving. This demonstrates the importance of the form-motion interaction that underlies the role of trackable features role in the perception of rotational motion. Not only do they provide a direct effect on perceived speed, but also indirect effects on other aspects of motion perception.
Neural Correlates
Clearly, there is strong behavioral evidence for the existence of multiple form-motion interactions. The question stands: where in the brain might these interactions take place? In the context of the role form plays in the perceived speed of rotating objects, evidence from fMRI studies has implicated the involvement of V3A. When shown rotating objects that modulated their contour curvature at one point while remaining constant in speed and area, BOLD activity was also modulated in area V3A of observers' brains (Caplovitz & Tse, 2007b) . Previous research focused on this area has led to findings consistent with the interpretation that V3A makes use of areas of contour curvature to process the rotational motion of objects. For one, it has been shown in several studies that area V3A is motion selective (Tootell et al., 1997; Vanduffel et al., 2002) . Motion processing is only half of the story, and sure enough, V3A %BOLD signal change has also been correlated with contour and figural processing, even when contours and figures are not consciously perceived (Shira et al., 2004) . To go a step further, BOLD activity in V3A has been correlated with various additional form-motion interactions. Specifically, it has been shown multiple times that there is a greater %BOLD signal change in the V3A when participants observe coherent, as opposed to random motion (Braddick et al., 2000 (Braddick et al., , 2001 Moutoussis et al., 2005; Vaina et al., 2003) . Finally, it was found that the V3A is more responsive to rotational than translational motion (Koyama et al, 2005) . In combination, these various findings indicate that V3A makes use of form information, specifically contour curvature, to process motion information about moving objects. The strongest activity may result in situations where the motion is more difficult for the visual system to interpret, such as with rotation (Kaiser, 1990) .
Neurophysiological data recorded in area MT of macaques has further elucidated some specifics of how areas of contour curvature on objects may be used in processing object motion. Specifically, certain neurons in macaque MT have been shown to respond more to the terminator motion of lines than to the ambiguous motion signals present along a line's contour. In addition, these neurons respond strongest when terminators are intrinsically owned, as opposed to when they are extrinsic (Pack et al., 2004) . Interestingly, this process is not instantaneous, as it takes roughly 60 ms for neurons in macaque MT to shift their response properties from those consistent with motion perpendicular to a moving line, regardless of its actual direction of motion, to those consistent with the true motion of the line independent of its orientation (Pack and Born, 2001) . Behavioral data examining initial pursuit eye movements support this finding, in that observers will initially follow the motion perpendicular to the moving line before then exhibiting eye movements that follow the unambiguous motion of line terminators. Further neurophysiological evidence has indicated that neurons of this sort (dubbed end-stopped neurons) may be present in the visual system as early as area V1 (Pack et al., 2003) . This would mean that trackable feature information could be extracted and utilized as early on as V1 in the visual processing stream. All these findings could help explain how the visual system is capable of overcoming the aperture problem under various circumstances using trackable features, and also, why it does not always do so perfectly. may produce similar patterns of activity as a continuous contour. It was subsequently hypothesized that when the dots are closely spaced the visual system is incapable of following the motion of a single dot. In the absence of such locally unambiguous motion, the visual system makes use of the information from the perceptually grouped contour implicit in the dot arrangement (Caplovitz & Tse, 2007a) .
Further evidence for the effects of grouping on perceived motion has been demonstrated using the motion fading paradigm. Specifically, when elements are part of a slowly rotating display, if disparate elements can be grouped in such a way as to form the perception of an object that possesses trackable features, the amount of time necessary for motion fading to occur is increased (Hsieh & Tse, 2007; Kohler et al., 2010) . Similar to the previously described experiment examining the perceived rotational speed of dotted ellipses, the aspect ratio of such ellipses affects the time course of motion fading only when the dots are spaced closely enough that a single dot cannot be tracked by the visual system (Kohler et al., 2010) .
While these previously discussed examples of the effects of grouping on motion perception appear to be largely automatic in nature, multistable perceptions involving grouping and perceived speed have also been demonstrated. Specifically, if four dot pairs are evenly spaced in a square formation, and each pair rotates around a common center, observers may interpret the movement as four rotating dot pairs, or two flat squares moving in a circular motion with one in front and the other behind, the dots in the pairs making up their corners (Anstis, 2003; Anstis and Kim, 2011) . As a participant's perception and interpretation changes, so does the perceived speed of elements present ( Figure 3A) . When perceptually grouped into the global percept of a square, the perceived speed of the display appears to slow down (Kohler, Caplovitz, & Tse, 2009 ). The dots may be exchanged for various elements that bias the perception in one direction or another ( Figure 3B ). Such elements have been shown to be perceived as moving faster when viewed simply as rotating pairs, than when seen as being part of any of the illusory shapes that may result from interpreting them as being corners instead of individual elements (Kohler, Caplovitz, & Tse, 2009 ). Thus, form information resulting from both automatic and multistable perceived groupings of moving objects can affect the perceived motion of such groups.
Figure 3. Emergent Motion on the basis of perceptual grouping
A) When four dot pairs, each pair rotating around its own common center, are perceived as separate objects, they are perceived to rotate faster than when dots are perceived to form the corners of two squares translating in a circular pattern with one sliding in front of the other. B) The percept of individual elements or square corners may be biased by element shape and arrangement, with individual elements most likely to be seen when misaligned (top), and squares more likely to be seen when the elements are aligned (bottom).
Thus far, the effect of object shape on its perceived motion has been principally discussed. However, there are also examples showing that the movement of an object can influence its perceived shape (i.e. the Gelatinous Ellipse, Weiss and Adelson, 2000; and the Kinetic Depth Effect, Wallach and O'Connell, 1953) . Recently, it has been demonstrated that the movementdependent shape distortions can come as a result of local form/motion interactions in elements grouped to form a larger perceived object. As previously mentioned, elongated objects are perceived to move faster when moving in a direction parallel, as opposed to orthogonal, to their elongated axis Seriès et al., 2002) . Taking advantage of this observation, an experiment was conducted in which differentially elongated Gaussian blobs were used to form the corners of illusory four sided translating shapes. In the experiment, the blob would be oriented such that those on the leading edge of the illusory object would be either parallel or orthogonal to the direction of motion and those on the trailing edge of the illusory shape would be oriented orthogonally to those on the leading edge. It was found that when those on the leading edge were parallel to the direction of motion, the resulting illusory object appeared to be elongated, while the opposite effect was observed when blobs on the leading edge were oriented orthogonally to the direction of motion, as depicted in Figure 4 (McCarthy, Cordeiro, & Caplovitz, 2012) . This example reveals how form and motion interact with each other across a range of visual processing stages from very early (local orientation dependent perceived speed) to later representations of perceived global shape.
Figure 4. Form-Motion-Form Interaction
When elliptical gaussians are arranged in a square formation and translated in a single common direction, if the leading edge and trailing edge gaussians are oriented 90º from one another, the perceived moving shape will appear to be a rectangle instead of a square. The shape will appear elongated if the leading edge gaussians are oriented parallel to their direction of translation, and compressed if the leading edge gaussians are oriented orthogonal to their direction of translation.
As mentioned in the introduction, a 3D representation of a moving object can be derived from appropriate 2D velocities of seemingly random dot displays. In such form-from-motion displays, depth, 3D object shape, and 3D object motion may be perceived if seemingly random dot fields are moved in ways consistent with the dots in motion being affixed to a particular 3D shape (Green, 1961) . This process represents a form of perceptual grouping in which the individual dots are grouped into a single perceptual whole. Intriguingly, the shape and motion of the perceived object do not always match what would be predicted based upon the individual motions of the dots that make up the display. Instead, characteristics of the shape and motion of the global object depend upon the shape and motion of the object itself. For example, perceived variations in the angular velocity of rotating 3D shapes simulated by dot fields were more closely tied to the perceived deformation of the rotating shapes than on actual variations in their angular velocities (Domini, Caudek, Turner, and Favretto, 1998) . Similarly, the perceived slant of a simulated surface varies as a function of the angular velocity with which it rotates when other factors are kept constant (Domini & Caudek, 1999) . These various effects have been demonstrated both when objects are rotated while being passively observed, and when object motion is a function of simulated optic flow in response to observer movement (Caudek, Fantoni, & Domini, 2011; Fantoni, Caudek, & Domini, 2010; Fantoni, Caudek, & Domini, 2012) . Additionally, even when binocular visual cues such as disparity are available, such biases and misperceptions are still observed (Domini, Caudek, & Tassinari, 2006) . The perception of these effects and visual biases is also correlated with changes in grasping movements for the simulated objects (Foster, Fantoni, Caudek, & Domini, 2011) . A model based on the assumption that the analysis of 3D shape is performed locally accounts well for successful and unsuccessful interpretation of 3D shape and the movement of 3D shapes by human observers, as demonstrated by a variety of form motion interactions observed using this paradigm (Domini & Caudek, 2003) . Thus, not only is visual perception affected by form motion interactions, but the practical behaviors in response to such perceptions are also adjusted accordingly.
Conclusion
These results can be taken as further evidence for the inherently constructive nature of motion processing, and the importance of form operators in motion processing. While it is not clear where in the brain the analysis of form occurs which results in the perception of rotational motion, it likely occurs within some or all of the neural circuitry that realizes the form-motion interactions described above. These results support the general thesis that there are, broadly speaking, two stages to motion perception: One, where motion energy is detected by cells in early visual areas tuned to motion magnitude and direction, and another stage where this detected information is operated upon by grouping and other visual operators that then construct the motion that will be perceived (Caplovitz & Tse, 2007a; Hsieh & Tse, 2007; Kohler et al., 2010; Kohler, Caplovitz, & Tse, 2009 ). This means that perceived motion, while constructed on the basis of locally detected motion information, is not itself detected or even present in the stimulus. It should also be noted, that while we have focused on specific examples from only three broad categories of form motion interaction, these examples represent only a small subset of what has been identified and tested at this time with further examples ranging as far as the processes underlying the perception of biological motion and how motion is conveyed through static images (i.e. motion streaks).
Classically, form and motion perception were considered to be mediated by independent processes in the visual system. Indeed there is a good deal of evidence for such independence at the earliest stages of visual processing as well as at the highest levels of perceptual representation. However, there is growing evidence suggesting that the mechanisms that process form and motion characteristics of the visual scene mutually interact in numerous and complex ways across a range of mid-level visual processing stages. These form-motion interactions appear to help resolve fundamental ambiguities that arise at the earliest stages in the processing of the retinal image. By combining information from both domains, these form motion interactions allow potentially independent high-level representations of an object's shape and motion to more accurately reflect what is actually occurring in the world around us.
